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(57) ABSTRACT

A reactor has an 1nner surface accessible to the hydrocarbon
and comprising a sintered product of at least one of certum
oxide, zinc oxide, tin oxide, zirconium oxide, boehmite and
silicon dioxide, and a perovskite material of formula :
A B,CD 0, 0<a<l.2, G=b=l.2, 0.9<a+b=1.2, O<c<1.2,
O=<d=<1.2, 0.9<c+d=<]1.2, —0.5<0<0.5. A 1s selected from cal-
cium, strontium, barium, and any combination thereof. B 1s
selected from lithium, sodium, potassium, rubidium, and
any combination thereolf. C 1s selected from cerium, zirco-
nium, antimony, prasecodymium, titanium, chromium, man-
ganese, ferrum, cobalt, nickel, gallium, tin, terbium and any
combination thereof. D 1s selected from lanthanum, cerium,
praseodymium, neodymium, promethium, samarium, euro-
pium, gadolinium terbium, dysprosium, holmium, erbium,
thulium, ytterbium, lutetiura, scandium, titanium, vanadium,
chromium, manganese, ferrum, cobalt, nickel, copper, zinc,
yttrium, zirconium, niobium, molybdenum, technetium,
ruthentum, rhodium, palladium, silver, cadmium, hainium,
tantalum, tungsten, rhenium, osmium, iridium, platinum,
gold, gallium, indium, tin, antimony and any combination
thereof.
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METHOD AND REACTOR CONTAINING
PEROVSKITE FOR CRACKING
HYDROCARBON AND METHOD FOR
COATING THE REACTOR

BACKGROUND

[0001] The mnvention relates generally to methods and
reactors for cracking hydrocarbon and methods for coating
the reactors. More specifically, the invention relates to
methods and reactors for cracking hydrocarbon, 1n which the
build-up of coke deposits are undesirable.

[0002] In the petrochemical industry, hydrocarbons such
as ethane, propane, butane, naphtha and gas o1l are cracked
in reactors, i the presence of from about 30 weight per-
centage (wt %) to about 70 wt % of steam, at temperature of
from about 700° C. to 870° C. in order to produce light
olefins such as ethylene, propylene and butene. Sometimes,
hydrocarbons such as bottoms from atmospheric and
vacuum distillation of crude o1l are cracked 1n reactors at a
temperature 1n a range from about 480° C. to about 600° C.
in the presence of about 1 wt % to about 2 wt % steam to
produce light hydrocarbon fractions and coke.

[0003] The reactor 1s usually a pyrolysis furnace compris-
ing a firecbox through which runs an array of tubing. The
array of tubing and corresponding {ittings may total several
hundred meters 1n length. The array of tubing may comprise
straight or serpentine tubes.

[0004] During hydrocarbon cracking processes, the build-
up of carbonaceous deposits (1.e. coke deposits) usually
happens on inner surfaces of reactor components, for
instance, mner radiant tube surfaces of furnace equipment.
The mner radiant tube surfaces become gradually coated
with a layer of coke, which raises the radiant tube metal
temperature (TMT) and increases the pressure drop through
radiant coils. In addition, coke build-up adversely aflects the
physical characteristics of the reactor components, such as
the radiant tubes, by deteriorating mechanical properties
such as stress rupture, thermal fatigue, and ductility due to
carburization.

[0005] In order to decoke reactor components, the hydro-
carbon cracking must be periodically stopped. Typically, the
decoking 1s carried out by combustion of the coke deposits
with steam/air at temperatures of up to 1000° C. Such
decoking operations are required approximately every 10 to
80 days, depending on the operation mode, types of hydro-
carbons and hydrocarbons throughput, and result 1n produc-
tion loss since hydrocarbons feeding must be stopped for
such decoking operation.

[0006] A variety of methods have been considered 1n order
to overcome the disadvantages of coke build-up on reactor
components, such as furnace tube inner surfaces. These
methods include: metallurgy upgrade to alloys with
increased chromium content of the metal substrates used 1n
the furnaces; adding additives such as sultur, dimethyl
sulfide (DMS), dimethyl disulfide (DMDS) or hydrogen

sulfide to the feedstock; and increasing steam dilution of
feedstock.

[0007] While some of the atorementioned methods have
general use 1n the petrochemical industry, it 1s desirable to
provide a new method and reactor that obviates and muti-
gates the shortcomings of the prior art and successiully
reduces or eliminates the build-up of coke deposits.
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BRIEF DESCRIPTION

[0008] In one aspect, the invention relates to a method for
cracking hydrocarbon, comprising: providing steam and
hydrocarbon; and feeding steam and hydrocarbon into a
reactor having an iner surface accessible to hydrocarbon,
the inner surface comprising a sintered product of a per-
ovskite material of formula A_B,C D O, and an inorganic
material, wherein the 1norganic material comprises at least
one of certum oxide, zinc oxide, tin oxide, zirconium oxide,
boehmite and silicon dioxide; 0<a<l1.2, O<b=<1.2, 0.9<a+
b=1.2, 0<c<1.2, O=d=<1.2, 0.9<c+d=<1.2, -0.5<06<0.5; A 1s
selected from calcium (Ca), strontium (Sr), barium (Ba), and
any combination thereof; B 1s selected from lithium (L1),
sodium (Na), potassium (K), rubidium (Rb) and any com-
bination thereof; C 1s selected from cerium (Ce), zirconium
(Zr), antimony (Sb), praseodymium (Pr), titanium (T1),
chromium (Cr), manganese (Mn), ferrum (Fe), cobalt (Co),
nickel (N1), gallium(Ga), tin (Sn), terbium (ITb) and any
combination thereotf; and D 1s selected from lanthanum (La),
certum (Ce), praseodymium (Pr), neodymium (INd), prome-
thium (Pm), samarium (Sm), europium (Eu), gadolintum
(Gd), terbium (Tb), dysprostum (Dy), holmmum (Ho),
erbium (Er), thulium (Tm), ytterbium (Yb), lutettum (Lu),
scandium (Sc), titanium (11), vanadium (V), chromium (Cr),
manganese (Mn), ferrum (Fe), cobalt (Co), nickel (Ni),
copper (Cu), zinc (Zn), yttrium (Y ), zirconium (Zr), niobium
(Nb), molybdenum (Mo), technetium (Ic), ruthenium (Ru),
rhodium (Rh), palladium (Pd), silver (Ag), cadmium (Cd),
hatnium (HI), tantalum (Ta), tungsten (W), rhenium (Re),
osmium (Os), iridium (Ir), platinum (Pt), gold (Au), gallium
(Ga), mdium (In), tin (Sn), antimony (Sb) and any combi-
nation thereof.

[0009] In another aspect, the invention relates to a reactor
for cracking hydrocarbon having an inner surface accessible
to the hydrocarbon, the 1inner surface comprising a sintered
product of a perovskite maternial of formula A B,C D _O, .
and an inorganic material, wherein the norganic material
comprises at least one of cerium oxide, zinc oxide, tin oxide,
zircommum oxide, boehmite and silicon dioxide; 0<a<1.2,
0.9<a+b=1.2, 0<c<1.2, O0=d=<1.2, 0.9<c+d=<1.2, —-0.5<06<0.5;
A 1s selected from calcium (Ca), strontium (Sr), barium (Ba),
and any combination thereof; B 1s selected from lithium (L1),
sodium (Na), potassium (K), rubidium (Rh), and any com-
bination thereof; C 1s selected from certum (Ce), Zircontum
(Zr), antimony (Sb), praseodymium (Pr), titantum (1),
chromium (Cr), manganese (Mn), ferrum (Fe), cobalt (Co),
nickel (N1), galllum (Ga), tin (Sn), terbium (Tb) and any
combination thereotf; and D 1s selected from lanthanum (La),
cerium (Ce), praseodymium (Pr), neodymium (Nd), prome-
thium (Pm), samarium (Sm), europium (Eu), gadolintum
(Gd), terbium (Tb), dysprostum (Dy), holmmum (Ho),
erbium (Er), thulium (Tm), ytterbium (Yb), lutettum (Lu),
scandium (Sc), titanium (11), vanadium (V), chromium (Cr),
manganese (Mn), ferrum (Fe), cobalt (Co), nickel (Ni),
copper (Cu), zinc (Zn), yttrium (Y ), zirconium (Zr), niobium
(Nb), molybdenum (Mo), technetium (Ic), ruthenium (Ru),
rhodium (Rh), palladium (Pd), silver (Ag), cadmium (Cd),
hatnium (Hi), tantalum (Ta), tungsten (W), rhenium (Re),
osmium (Os), rridium (Ir), platinum (Pt), gold (Au), gallium
(Ga), mdium (In), tin (Sn), antimony (Sb) and any combi-
nation thereof.

[0010] In yet another aspect, the invention relates to a
method, comprising: providing a slurry comprising a per-
ovskite material of formula A_B,C D O, _ and an inorganic
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matenal; applying the slurry to a surface of a reactor; and
sintering the slurry; wherein the mmorganic material com-
prises at least one of cerium oxide, zinc oxide, tin oxide,
zirconium oxide, boehmite and silicon dioxide; 0<a<1.2,
O<b=<1.2, 0.9<a+b=<l.2, 0<c<1.2, 0=d=<l.2, 0.9<c+d=1.2,
—0.5<0<0.5; A 1s selected from calcium (Ca), strontium (Sr),
bartum (Ba), and any combination thereof; B 1s selected
from lithrum (L1), sodium (Na), potasstum (K), rubidium
(Rb), and any combination thereotf; C 1s selected from
cerium (Ce), zirconium (Zr), antimony (Sb), prascodymium
(Pr), titantum (T1), chromium (Cr), manganese (Mn), ferrum
(Fe), cobalt (Co), nickel (N1), gallium (Ga), tin (Sn), terbium
(ITb) and any combination thereof; and D 1s selected from
lanthanum (La), certum (Ce), prascodymium (Pr), neo-
dymium (Nd), promethium (Pm), samarium (Sm), europium
(Eu), gadolintum (Gd), terbium (Ib), dysprosium (Dy),
holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb),
lutettum (Lu), scandium (Sc), titanium (11), vanadium (V),
chromium (Cr), manganese (Mn), ferrum (Fe), cobalt (Co),
nickel (N1), copper (Cu), zinc (Zn), yttrium (Y ), zirconium
(Zr), niobium (Nb), molybdenum (Mo), technetium (Tc),
ruthenium (Ru), rhodium (Rh), palladium (Pd), silver (Ag),
cadmium (Cd), hatnium (HI), tantalum (Ta), tungsten (W),
rhenium (Re), osmium (Os), iridium (Ir), platinum (Pt), gold
(Au), gallium (Ga), indium (In), tin (Sn), antimony (Sb) and
any combination thereof.

DETAILED DESCRIPTION

[0011] In one aspect, the invention relates to a method for
cracking hydrocarbon, comprising: providing steam and
hydrocarbon; and feeding steam and hydrocarbon into a
reactor having an inner surface accessible to hydrocarbon,
the inner surface comprising a sintered product of a per-
ovskite material of A B,C D O, . and an inorganic mate-
rial, wherein the inorganic material comprises at least one of
cerium oxide, zinc oxide, tin oxide, zirconium oxide, boe-
hmite and silicon dioxide; 0<a<1.2, O<b=1.2, 0.9<a+b=<1.2,
0<c<1.2, O=d=<1.2, 0.9<c+d=1.2, -0.5 <0<0.5; A 1s selected
from calcium (Ca), strontium (Sr), bartum (Ba), and any
combination thereof; B 1s selected from lithium (L1), sodium
(Na), potasstum (K), rubidium (Rb) and any combination
thereof; C 1s selected from cerium (Ce), zirconmium (Zr),
antimony (Sb), prasecodymium (Pr), titanium ('11), chromium
(Cr), manganese (Mn), ferrum (Fe), cobalt (Co), nickel (IN1),
gallium(Ga), tin (Sn), terbium (Tb) and any combination
thereot; and D 1s selected from lanthanum (La), cerium (Ce),
prascodymium (Pr), neodymium (Nd), promethium (Pm),
samarium (Sm), europium (Eu), gadolintum (Gd), terbium
(Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium
(Tm), ytterbium (Yb), lutetium (Lu), scandium (Sc), tita-
nium (11), vanadium (V), chromium (Cr), manganese (Mn),
torum (Fe), cobalt (Co), nickel (N1), copper (Cu), zinc (Zn),
yttrium (Y), zircomum (Zr), niobium (Nb), molybdenum
(Mo), technetium (1Ic), ruthenium (Ru), rhodium (Rh), pal-
ladium (Pd), silver (Ag), cadmium (Cd), hatnium (HY),
tantalum (Ta), tungsten (W), rhenium (Re), osmium (Os),
iridium (Ir), platinum (Pt), gold (Au), gallium (Ga), indium
(In), tin (Sn), antimony (Sb) and any combination thereof.
[0012] Insome embodiments, A is selected from strontium
(Sr) and barium (Ba). C 1s selected from cerium (Ce),
zirconium (Zr), and manganese (Mn). D 1s selected from
certum (Ce) and yttrium (Y).

[0013] In some embodiments, the perovskite material 1s
selected from SrCeQO,, SrZr, ;Ce, ,O;, BaMnO,, BaCeQO,,
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BaZr, ;Ce, O, BaZr, Ce, Y, -,05, BaZr, ,Ce,-Y, ,0x,
Ba/ZrO,, BaZr, -Ce, ;0,, BaCe, Zr, s O,, BaCe, Y, ;0;,
BaCe, 4:Y, 505, and BaCe, .Y, -.0,. For example, for
SrCeQO,, A 1s Sr, C 15 Ce, a=1, b=0, c=1, d=0, and 0=0. For
Sr/r, Ce, 05, A 1s Sr, C 1s Zr, D 1s Ce, a=1, b=0, ¢=0.3,
d=0.7, and 6=0. For BaMnO,, A 1s Ba, C 1s Mn, a=1, b=0,
c=1, d=0, and 6=0. For BaCeOQO,, A 1s Ba, C 1s Ce, a=1, b=0,
c=1, d=0, and 0=0. For BaZr, ;Ce, -O;, A 1s Ba, C1s Zr, D
1s Ce, a=1, b=0, ¢=0.3, d=0.7, 6=0. For BaZr, , Ce, Y, ,O;,
A 1s Ba, C 1s Zr, D 1s combination of Ce and Y, a=1, b=0,
c=0.3, d=0.7, and 6=0.

[0014] In some embodiments, the sintered product com-
prises BaZr, ;Ce0.70;.

[0015] In some embodiments, the perovskite material 1s
BaZr, Ce, Y, 505,

[0016] The inorganic material may comprise one material
or a combination of multiple materials. In some embodi-
ments, the 1norganic material comprises a combination of
zircommum oxide and cerium oxide. In some embodiments,
the 1norganic material comprises a combination of boehmite
and cerium oxide.

[0017] In some embodiments, the method for cracking
hydrocarbon 1s operated at a temperature 1n a range from
about 700° C. to about 870° C., a weight ratio of steam to
hydrocarbon 1s 1n a range from about 3:7 to about 7:3, and
the hydrocarbon comprises at least one of ethane, heptane,
liquid petroleum gas, naphtha, and gas oil.

[0018] In some embodiments, the method for cracking
hydrocarbon 1s operated at a temperature in a range from
about 480° C. to about 600° C., the hydrocarbon comprises
bottoms from atmospheric and vacuum distillation of crude
o1l and a weight percentage of steam 1s 1n a range from about
1 wt % to about 2 wt %.

[0019] In some embodiments, the hydrocarbon comprises
at least one of ethane, heptane, liquid petroleum gas, naph-
tha, and gas oil.

[0020] In another aspect, the invention relates to a reactor
for cracking hydrocarbon having an inner surface accessible
to the hydrocarbon, the 1inner surface comprising a sintered
product of a perovskite material of formula A_B,C D O, .
and an inorganic material, wherein the norganic material
comprises at least one of certum oxide, zinc oxide, tin oxide,
zircommum oxide, boehmite and silicon dioxide; 0<a<1.2,
O<b=<1.2, 0.9<a+b=<l.2, 0<c<1.2, 0O=d=l1.2, 0.9<c+d=1.2,
—0.5<0<0.5; A 1s selected from calcium (Ca), strontium (Sr),
bartum (Ba), and any combination thereof; B 1s selected
from lithrum (L1), sodium (Na), potasstum (K), rubidium
(Rb), and any combination thereof; C 1s selected from
cerium (Ce), zircontum (Zr), antimony (Sb), prascodymium
(Pr), titanium ('I1), chromium (Cr), manganese (Mn), ferrum
(Fe), cobalt (Co), nickel (N1), gallium (Ga), tin (Sn), terbium
(I'b) and any combination thereof; and D 1s selected from
lanthanum (La), cerium (Ce), praseodymium (Pr), neo-
dymium (Nd), promethium (Pm), samarium (Sm), europium
(Eu), gadolintum (Gd), terbium (Ib), dysprosium (Dy),
holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb),
lutetium (Lu), scandium (Sc), titanium (11), vanadium (V),
chromium (Cr), manganese (Mn), ferrum (Fe), cobalt (Co),
nickel (N1), copper (Cu), zinc (Zn), yttrium (Y), zircontum
(Zr), mobium (Nb), molybdenum (Mo), technetium (Tc),
ruthentum (Ru), rhodium (Rh), palladium (Pd), silver (Ag),
cadmium (Cd), hatnium (Hf), tantalum (Ta), tungsten (W),
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rhenium (Re), osmium (Os), iridium (Ir), platinum (Pt), gold
(Au), gallium (Ga), indium (In), tin (Sn), antimony (Sb) and
any combination thereof.

[0021] The perovskite material may or may not chemically
react with the inorganic materials before or during sintering.
Thus, the sintered product may comprise a combination or
a reaction product of the inorganic material and the per-
ovskite material. In some embodiments, the sintered product
comprises a combination of BaZr, ,Ce, ,;O,and CeO,. In
some embodiments, the sintered product comprises a reac-
tion product of boehmite and BaZr, ;Ce,-0O,. In some
embodiments, the sintered product comprises a reaction
product of ZnO and BaZr, ;Ce, -O;. In some embodiments,
the sintered product comprises a reaction product of ZrQO,
and BaZr, ;Ce, -O;. In some embodiments, the sintered
product comprises a reaction product of Boehmite, CeO,and
BaZr, ;Ce, -O;. In some embodiments, the sintered product
comprises a reaction product of S10, and BaZr, ;Ce, -O,.

[0022] The sintered product may be 1n a coating applied to
the mner surface using diflerent methods, for example, air
plasma spray, slurry coating, sol-gel coating, and solution
coating. In some embodiments, the sintered product is
coated using slurry coating method.

[0023] The reactor may be any reactor in which hydro-
carbon 1s cracked. In some embodiments, the reactor com-
prises at least one of a furnace tube, a tube lifting, a reaction
vessel, and a radiant tube. In some embodiments, the reactor
comprises a firebox having a furnace tube placed 1nside and
being heated to a temperature from about 500° C. to about

1000° C.

[0024] In yet another aspect, the mvention relates to a
method, comprising: providing a slurry comprising a per-
ovskite material of formula A_B,C D _O,_; and an inorganic
material; applying the slurry to a surface of a reactor; and
sintering the slurry; wherein the mmorganic material com-
prises at least one of certum oxide, zinc oxide, tin oxide,
zirconium oxide, boehmite and silicon dioxide; 0<a<1.2,
O<b=1.2, 0.9<a+b=<l.2, 0<c<1.2, 0=d=<l.2, 0.9<c+d=<1.2,
—-0.5 <0<0.5; A 1s selected from calcium (Ca), strontium
(Sr), barrum (Ba), and any combination thereof; B 1s
selected from lithium (L1), sodium (Na), potasstum (K),
rubidium (Rh), and any combination thereof; C 1s selected
from certum (Ce), zirconium (Zr), antimony (Sb), praseo-
dymium (Pr), titanium (11), chromium (Cr), manganese
(Mn), ferrum (Fe), cobalt (Co), nickel (N1), gallium (Ga), tin
(Sn), terbium (1b) and any combination thereof; and D 1s
selected from lanthanum (La), certum (Ce), prasecodymium
(Pr), neodymium (Nd), promethium (Pm), samarium (Sm),
curopium (Eu), gadolinium (Gd), terbium (Tb), dysprosium
(Dy), holmium (Ho), erbium (Er), thultum (Tm), ytterbium
(Yb), lutetium (Lu), scandium (Se), titanium (11), vanadium
(V), chromium (Cr), manganese (Mn), ferrum (Fe), cobalt
(Co), nickel (N1), copper (Cu), zinc (Zn), vyitrium (Y),
zirconium (Zr), niobium (Nb), molybdenum (Mo), techne-
tium (Ic), ruthentum (Ru), rhodium (Rh), palladium (Pd),
silver (Ag), cadmium (Cd), hatnium (Hf), tantalum (Ta),
tungsten (W), rhenium (Re), osmium (Os), iridium (Ir),
platinum (Pt), gold (Au), gallium (Ga), indium (In), tin (Sn),
antimony (Sb) and any combination thereof.

[0025] The amount of the inorgamic material and the
perovskite material in the slurry may vary as long as a
continuous, strong, and anticoking coating 1s formed and has
good adhesion strength and thermal shock resistivity,
depending on the specific inorganic materials and the per-
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ovskite material being used and the working condition of the
coating. In some embodiments, a weight ratio of the 1nor-
ganic material to the perovskite material 1s from about
0.1:99.9 to about 99.9:0.1, or preferably from about 1:9 to
about 9:1, or more preferably from about 1.5:100 to about
9:10.

[0026] The slurry may further comprise at least one of an
organic binder, a wetting agent and a solvent to enhance the
slurry wetting ability, tune the slurry viscosity and get good
green coating strength. When the at least one of an organic
binder, a wetting agent and a solvent 1s added in the slurry,
a total weight percentage of the inorganic materials and the
perovskite material in the slurry may be from about 10% to
about 90%, or preferably from about 15% to about 70%, or
more preferably from about 30%. to about 55%.

[0027] In some embodiments, the slurry comprises BaZr,
3Ce, 05, certum oxide (10 wt % to 50 wt % of BaZr, ;Ce,
70,, glycerol, polyvinyl alcohol (PVA) and water.

[0028] In some embodiments, the slurry comprises BaZr,
3Ce, 05, boehmite (20 wt % of BaZr, ;Ce, ,O3), glycerol,
PVA, polyethylene glycol octylphenol ether and water.
[0029] In some embodiments, the slurry comprises BaZr,
3Ce, ,O5, zinc oxide (2.6 wt % of BaZr, ,Ce, ,0,), glycerol
and PVA.

[0030] In some embodiments, the slurry comprises BaZr,,
3Ce, 05, zircomium oxide (20 wt % to 50 wt % of BaZr,
3Ce, -05), glycerol and PVA.

[0031] In some embodiments, the slurry comprises BaZr,

3Ce, 05, zirconium oxide (5 wt % to 40 wt % of BaZr,
3Ce, ,03), certum oxide (50 wt % of BaZr, ,Ce, ,0,),

glycerol and PVA.

[0032] In some embodiments, the slurry comprises BaZr,,
3Ce, 05, boehmite (20 wt % of BaZr, ;Ce, ,O5), cerium
oxide (50 wt % of BaZr0.3 Ce, ,0;), glycerol and PVA.
[0033] In some embodiments, the slurry comprises BaZr,
3Ce, 0,4, silicon oxide (1.9 wt % of BaZr, ;Ce, -O,), glyc-
erol and PVA.

[0034] The slurry may be applied to the surface by dii-
ferent techniques, such as at least one of sponging, painting,
centrifuging, spraying, {illing and draining, and dipping. In
some embodiments, the slurry 1s applied by dipping, 1.e.,
dipping the part. to be coated in the slurry. In some embodi-
ments, the slurry 1s applied by filling and draining, 1.e.,
filling the slurry in the article to be coated and draining out
the slurry afterwards by, e.g., gravity.

-

[0035] In some embodiments, the sintering 1s at about
1000° C.

DEFINITIONS
[0036] As used herein, the term “reactor’” refers to but 1s

not limited to at least one of a furnace tube, a tube fitting, a
reaction vessel, and a radiant tube, used 1n petrochemical
processes. The reactor may be a pyrolysis furnace compris-
ing a firecbox through which runs an array of tubing. The
array of tubing and corresponding fittings may total several
hundred meters 1n length. The array of tubing may comprise
straight or serpentine tubes.

[0037] As used herein the term “cracking hydrocarbon™
refers to but 1s not limited to processes 1n which hydrocar-
bons such as ethane, propane, butane and naphtha are
cracked 1n reactors, 1n the presence of from about 30 to 70
welght percentage of steam, at temperatures of from about
700° C. to 870° C. 1 order to produce light olefins such as

cthylene and propylene. Sometimes, hydrocarbons such as
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bottoms from atmospheric and vacuum distillation of crude
o1l are cracked 1n reactors at a temperature in a range from
about 480° C. to about 600° C. 1n the presence of about 1 wt

% to about 2 wt % steam.

[0038] As used herein the term “coke” refers to but 1s not
limited to carbonaceous solid or liqud or particulates or
macromolecules forming the carbonaceous solid or liquid,
which are derived from coal, petroleum, wood, hydrocar-
bons and other materials containing carbon and which
include, for example, carbon black, tar, and pyrolytic coke
existing 1 hydrocarbon cracking furnace.

[0039] As used herein the term “‘sintering” refers to but 1s
not limited to a method for making objects from powder, by
heating the matenial 1n a sintering furnace or other heater
tacility until its particles adhere to each other.

[0040] Any numerical values recited herein include all
values from the lower value to the upper value 1n increments
of one unit provided that there 1s a separation of at least 2
units between any lower value and any higher value. As an
example, 11 1t 1s stated that the amount of a component or a
value of a process variable such as, for example, tempera-
ture, pressure, time and the like 1s, for example, from 1 to 90
, preferably from 20 to 80, more preferably from 30 to 70,
1t 1s intended that values such as 15 to 85, 22 to 638, 43 to 51,
30 to 32 etc. are expressly enumerated 1n this specification.
For values which are less than one, one unit 1s considered to
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EXAMPLES

[0042] The following examples are included to provide
additional guidance to those of ordinary skill 1n the art 1n
practicing the claimed 1nvention. Accordingly, these
examples do not limit the invention as defined in the
appended claims.

Example 1 Ba’Zr, ,Ce, ,O, Powder Preparation

[0043] The BaZr, ;Ce, /O, powder was prepared by solid-
state reaction method. Stoichiometric amounts of high-
purity barium carbonate, zircontum oxide, and cerium oxide
powders (all from sinopharm chemical reagent Co., Ltd.
(SCRC), Shanghai, China) were mixed in ethanol and ball-
milled for 12 hours. The resultant mixtures were then dried
and calcined at 1450° C. 1n air for 6 hours to form the

BaZr, ;Ce, -O; powder. The calcined powder was mixed
with alcohol and was ball milled for 12 hours. After the

alcohol was dried, fine BaZr, ;Ce, 0O, powder (d,=1.5
micron) was prepared.

Example 2 Slurry Preparation

[0044] BaZr, ;Ce, -O; powder prepared in example 1 and
different amounts of other components of respective slurries
(details of compositions thereof are shown 1n table 1 below)
were respectively added into plastic jars mounted on speed
mixer machines. After mixing for 3 minutes with the rotation
speed of 2000 revolutions per minute (RPM), respective
slurries were prepared.

TABLE 1
slurry  slurry  slurry  slurry  slurry slurry slurry slurry
5 6 7 8 9 10 11 12

3.12 2.99 3.11 3.11 3.11 3.11 3.11 2.99

slurry  slurry  slurry  slurry
1 2 3 4
BaZry ;Ceq 705 6.63 6 4.5 3
powder (g)
CeO, sol (g) 0 3 6.75 7.5
Boehmite 0 0 0 0
powder (g)
Zn0O sol (g) 0 0 0 0
Zr02 sol (g) 0 0 0 0
5102 sol (g) 0 0 0 0
Glycerol (g) 1.17 1 0.75 0.5
PVA (10% 1.3 1.26 0.95 0.63
water
solution) (g)
H-50 (g) 3.9 5 0 0
TritonX100 0 0 0 0
(ul)

be 0.0001, 0.001, 0.01 or 0.1 as appropnate. These are only
examples of what 1s specifically intended and all possible
combinations of numerical values between the lowest value
and the highest value enumerated are to be considered to be
expressly stated 1n this application in a similar manner.

[0041] Approximating language, as used herein through-
out the specification and claims, may be applied to modity
any quantitative representation that could permissibly vary
without resulting in a change in the basic function to which
it 1s related. Accordingly, a value modified by a tem or terms,
such as “about”, 1s not to be limited to the precise value
specified. In some 1nstances, the approximating language
may correspond to the precision of an strument for mea-
suring the value. Moreover, the suthix “(s)” as used herein 1s
usually mtended to include both the singular and the plural
of the term that 1t modifies, thereby including one or more
of that term.

0 0 0 7.7 7.7 7.77 0
0.62 0 0 0 0 0 0.62 0
0 0.26 0 0 0 0 0 0
0 0 3.11 Ny 0.78 6.22 0 0
0 0 0 0 0 0 0 0.21
0.79 0.51 0.5% 0.58 0.58 0.5% 0.58 0.51
1.08 2.26 0.60 0.60 0.60 0.60 0.60 2.50
25.81 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0
[0045] CeO, sol (20 wt % 1n H,O, Alfa Aesar #12730),

71O, sol (20 wt % 1n H,O, Alfa Aesar #12732) were
obtained from Alfa Aesar Company, Ward Hill, Mass., USA.
Boehmite powder was obtained from Tianjin Chemist Sci-
entific Ltd., Tianjin, China. ZnO sol (30 wt % dispersion 1n
1sopropanol ) was obtained from Hangzhou Veking Co. Ltd.,
Hangzhou, China. S10,, sol (40 wt % dispersion in water,
Nalco, #2327) was obtaimned from Nalco Chemical Co.,
Chicago, Ill., USA.

[0046] Percentages of CeO, with respect to BaZr, ;Ce,
70, 1n slurries 1-4 were 0 wt %, 10 wt %, 30 wt % and 50
wt %, respectively. Percentage of boehmite powder with
respect to BaZr, ,Ce, ,O, 1n slurry 5 was 20 wt %. Percent-
age of ZnO with respect to BaZr, ;Ce, ,O; 1n slurry 6 was
2.6 wt %, Percentage of ZrO, with respect to BaZr, ,Ce, ,O;
in slurries 7 and 8 were 20 wt % and 50 wt %. In slurries 9

and 10, CeO, were 50 wt % of BaZr, ;Ce, /O; and ZrO,
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were 5 wt % or 40 wt % of BaZr, ;Ce, ,O; powder. In slurry
11, CeO, was 350 wt % of BaZr, ;Ce, -O; and Boehmite was

20 wt % of BaZr, ;Ce, /O powder. In slurry 12, S10, was
1.9 wt % of BaZr, ,Ce, O, powder.

Example 3 Coating the Slurries on Coupons

[0047] A plurality of coupons made from alloy 310S each
with the dimension of 10x30x1 mm> were used as the
substrates. Before coating, the substrates were cleaned care-
tully as follows: ultrasonic agitation in acetone and ethanol
for 30 minutes respectively to remove organic contaminants,
ultrasonic agitation 1 HCI (3.3 wt %) aqueous solution for
30 minutes to etch the substrate surface, ultrasonically
rinsing in deionized water, and dried using compressed air.
[0048] Cleaned coupons were dipped into the slurries
prepared i EXAMPLE 2 and then was lifted out with the
speed of 70 mm/min. The coated coupons were dried at the
room temperature for 12 hours and were then put into a
furnace for sintering at 1000° C. for 3 hours i1n argon
atmosphere before being cooled to the room temperature.
The increasing and decreasing rates of temperature in the
furnace were 1° C./min or 6° C./min.

Example 4 XRD Analysis

[0049] X-ray diffraction (XRD) analyses were conducted
to examine the coatings on the coupons. It was found that
there were no shiftings of BaZr, ,Ce, O, peaks with CeQ,
percentage increasing in the coupons coated using slurries
1-4, which indicates that no significant reactions took place
at the temperature of 1000° C. between CeO, and BaZr,
3Ce, ,0;.

[0050] Regarding the coupon coated using slurry 3,
BaAl,O,, CeO, and Ba’Zr, ,Ce, O, were detected 1n the
XRD analysis. It suggests that a reaction between BaZr,
3Ce, ,O, and Boehmite (20 wt % of BaZr, ,Ce, ,O,) might
have happened but a certain amount of BaZr, ;Ce, O,
survived from the reaction.

[0051] With respect to the coupon coated using slurry 6,
BaZr, ;Ce, -O; and CeO, were detected 1n the XRD analysis
of the coating.

[0052] As to the coupon coated using slurry 8, BaZr, ;Ce,
70,, ZrO,, BaZrO,, and CeO, were found 1 the XRD
patterns of the coating, which suggests that some of BaZr,
3Ce, -O5; might have reacted with ZrO,.

[0053] With respect to the coupon coated using slurry 10,
BaZr, ;Ce, -0, BaZrO,, and CeO, were found 1n the XRD
patterns of the coating, which suggests that some of BaZr,
3Ce, -O5; might have reacted with ZrO,.

[0054] Speaking of the coupon coated using slurry 11,
BaZr, ,Ce, ,O,, CeO,, CeAlO, were 1dentified 1n the XRD
patterns of the coating, which suggests that reactions might
have happed among BaZr, ;Ce, -O,, boehmite and CeO.,,.
[0055] With respect to the coupon coated using slurry 12,
BaZr, ;Ce, 05, CeO,, and Ba,S10, were 1dentified in the
XRD patterns of the coating, which suggests that reactions

might have happed between S10, and some of BaZr, ;Ce,
70);.

Example 5 SEM Analysis

[0056] The coatings on the coupons were studied by
scanning electron microscope (SEM) analysis. No obvious
bindings between BaZr, ;Ce, ,O;, powders were found in
the coating of the coupon coated using slurry 1, For coupons
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coated using slurries 2-4, BaZr, ,Ce, -O,, powders were
bonded better than 1n the coating of the coupon coated using
slurry 1 and were better and better, with the increase of
CeO,, which indicates the coating strength gets higher with
the addition and increasing of CeO,. For coupons coated
using slurries 5-12, BaZr, ;Ce, ,O,powders were also
bonded better and formed coatings were more continuous
than 1n the coating of the coupon coated using slurry 1,
which indicates the coating strengths improved when 1nor-
ganic materials were added.

Example 6 Tape Testing

[0057] Tape testing standard method, which 1s based on
ASTM D3359, was employed to test the adherent strength of
coatings on the coated coupon. For the coupon coated using
slurry 1, most of the coating was pulled off from the coupon
alter the tape testing, which indicated 1ts adhesion strength
1s poor. For coupons coated with slurries 2-4, with the
increase of CeO, from 10 wt % to 50 wt % with respect to
BaZr, ;Ce, -O;, damages of coatings due to the tape testing
decreased. The coating adhesion strengths of coupons
coated using slurries 1-4 were respectively O B, 1 B, 3 B and
5 B.

[0058] This tape testing result was well consistent with the
coating surface morphology by SEM analysis 1n example 5.
Both the tape testing and SEM analysis show that CeO, sol
1s an elflective binder to significantly enhance the BaZr,
3Ce, -0, coating strength.

Example 7 Thermal Shock Resistance Testing

[0059] To test the thermal shock resistance, coupons
coated with slurries 1-12 were heated to 400° C. 1n an oven,
and then be taken out to the room temperature quickly. No
spall was found on any of the coatings of the coupons, which
suggests that the coatings have good thermal shock resis-
tivities.

Example 8 Inner Surface Coating

[0060] Some of slurry 5 prepared 1 example 2 was filled
into a tube made from 310S alloy (outer diameter: 10 mm,
thickness: 1 mm, and length: 150 mm) from one end of the
tube with the other end thereof being sealed. The sealed end
was opened to drain out the slurry by gravity 1 minute after
the filling. The tube was kept vertical during the filling and
draining. Compressed air (pressure=0.6 MP, flow rate=1 1/h)
was 1njected into the tube to dry the wet slurry coating
quickly. After drying by the compressed air, the tube was put
into a furnace for sintering at 1000° C. for 3 hours in argon
atmosphere belfore being cooled to the room temperature.
The increasing and decreasing rates of temperature 1n the
furnace were 6° C./min.

Example 9 Hydrocarbon Cracking

[0061] Coupons coated using slurries 1-6, 11 and 12 1n
example 3, a tube coated 1n example 8 and a 3108 alloy tube
without coating 1nside were placed on quartz sample holders
at the constant temperature region of a lab scale hydrocar-
bon-cracking furnace. The furnace door was then closed.
Argon gas was fed 1n the furnace at the flow rate of 100
standard cubic centimeters per minute (seem). The cracking
furnace was heated to 880° C. with the ramping rate of 20°
C./min. A vaporizer was heated to 350 °© C. within 30
minutes.
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[0062] When the temperature of the cracking furnace
reached 880° C. and the temperature of the vaporizer
reached 350° C., water was pumped using a piston pump
into the vaporizer with the flow rate of 1.58 ml/min. Argon
gas feeding was stopped. After 5 munutes, heptane was
pumped using a piston pump into the vaporizer with the flow
rate of 2.32 ml/min to be vaporized and mixed with the
steam 1n the vaporizer in a 1:1 weight ratio. The temperature
of the cracking furnace was maintained at desired tempera-
ture, e.g., 800+/-5° C. or 860+/-5° C. for desired time
betfore stopping the pumpings of the heptane and water. The
residence time of the heptane and steam in the cracking
furnace was 1.5 seconds, unless otherwise specified. Argon
gas was fed again at the flow rate of 100 sccm before the
cracking furnace and the vaporizer were shut down. When
the cracking furnace cooled down, argon gas feed was
stopped and the furnace door was opened to take out the
sample holders.

[0063] Coupons coated 1n example 3 using slurries 1-5 and
11-12 were tested for 5 hours at 850° C. No coke was
observed on any of the coatings of the coupons but cokes
were found on uncoated parts of all the coupons, which
indicate the coatings are anticoking.

[0064] The coupon coated 1n example 3 using slurry 6 was
tested for 160 hours at 850° C. No coke was found on the
coated surface but cokes were found on uncoated parts of the
coupon, which indicates that the coating was anticoking.
[0065] The tube coated in example 8 and the 3108 alloy
tube without coating 1nside were tested for 50 hours at 850°
C. After anticoking testing, tubes were cut open. No coke
was found on the inside coated surface of the coated tube
while a 0.33 mm thick coke layer was found on the inner
surface of the tube without coating, which indicates that the
coated inner surface of the coated tube has an excellent
anticoking performance.

[0066] While only certain features of the invention have
been illustrated and described herein, many modifications
and changes will occur to those skilled i the art. It 1s,
therefore, to be understood that the appended claims are
intended to cover all such modifications and changes as fall
within the true spirit of the invention.

1-6. (canceled)

7. A reactor for cracking hydrocarbon having an inner
surface accessible to the hydrocarbon, the inner surface
comprising a sintered product of a perovskite material of
formula A_B,C D O, and an morganic material, wherein
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the inorgamic material comprises at least one of certum
oxide, zinc oxide, tin oxide, zirconium oxide, boehmite and
silicon dioxide;

O<a<l1.2, Osb=l1.2, 0.9<a+b=<l.2, 0<c<1.2, O=d=l.2,
0.9<c+d=1.2, -0.5<06<0.5;

A 1s selected from calcium (Ca), strontium (Sr), barium
(Ba), and any combination thereof;

B 1s selected from lithium (L1), sodium (Na), potassium
(K), rubidium (Rb), and any combination thereof;

C 1s selected from cerium (Ce), zirconium (Zr), antimony
(Sb), praseodymium (Pr), titanium (1), chromium
(Cr), manganese (Mn), ferrum (Fe), cobalt (Co), mickel
(N1), galllum (Ga), tin (Sn), terbium (Ib) and any
combination thereot; and

D 1s selected from lanthanum (La), cerrum (Ce), praseo-
dymium (Pr), neodymium (Nd), promethium (Pm),
samarium (Sm), europium (Eu), gadolinium (Gd), ter-
bium (Tb), dysprostum (Dy), holmium (Ho), erbium

(Er), thullum (Tm), ytterbrum (Yb), lutetium (Lu),
scandium (Sc), titanium (11), vanadium (V), chromium
(Cr), manganese (Mn), ferrum (Fe), cobalt (Co), mickel
(N1), copper (Cu), zinc (Zn), yttrium (Y), zirconium
(Zr), niobium (Nb), molybdenum (Mo), technetium
(Tc), ruthentum (Ru), rhodium (Rh), palladium (Pd),
silver (Ag), cadmium (Cd), hatmum (HI), tantalum
(Ta), tungsten (W), rhenmium (Re), osmium (Os),
iridium (Ir), platinum (Pt), gold (Au), gallium (Ga),
indium (In), tin (Sn), antimony (Sb) and any combina-
tion thereof.

8. The reactor of claim 7, wherein the sintered product

comprises a combination or a reaction product of the inor-

ganic material and the perovskite material.

9. The reactor of claim 8, wherein the perovskite material
1s selected from SrCeO,, SrZr, . Ce,-0O,, BaMnO,,

BaCeO,, and BaZr, ;Ce, ,O,, BaZr, ;Ce, Y, .05, BaZr,
1Ce, Y, .05, BaZrO,, Ba/r, - Ce, 0, BaCe, . /Zr, 0;,
BaCe, Y, ,0,, BaCe, 4:Y, s0;, and BaCe, Y, ,O;.

10. The reactor of claim 8, wherein the sintered product
comprises BaZr0.3Ce0.703.

11. The reactor of claim 10, wherein the sintered product
comprises CeQO,.

12. The reactor of claim 11, comprising a firebox having
a Turnace tube placed 1nside and being heated to temperature

from about 500° C. to about 1000° C.
13-29. (canceled)
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